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Abstract 
Ejector based refrigeration cycles are an alternative to the sorption systems commonly associated with solar cooling 
since the required high-pressure motive fluid can be generated with solar heat. However, ejectors have been unable to 
achieve commercial maturity due to their low thermal efficiency and their intolerance to deviations from the design 
point. In the present work, an ejector that implements variable geometry mechanisms is proposed and evaluated using 
CFD simulations. In order to address the low thermal efficiency issue, changes to the design of current ejectors are 
also discussed in terms of its irreversibility sources; the large momentum difference between the primary and 
secondary flows is a well-known irreversibility source. The resulting ejector is able to operate more efficiently than 
current designs while maintaining a constant efficiency when subjected to variable operating conditions. 
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1. Introduction 
The existing array of solar cooling solutions, i.e. thermally driven refrigeration cycles, is relatively 
wide [1,2]; however there are only a handful of commercially available systems, most of them being 
sorption machines powered by steam or hot water and representing only a marginal fraction of the entire 
cooling market [3]. 
The main factors behind their low market share are the high prices of the units and the fact that they 
require specialized installation and maintenance services [3] that often come at higher cost than those of 
the traditional vapor compression units. 
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This establishes the need for a system that overcomes the flaws of the current solar cooling solutions, 
i.e. a mechanically simple unit and therefore low cost, capable of working with environmentally friendly 
refrigerants (low ozone depletion and global warming potential). 
The ejector based refrigeration cycle has these characteristics [3, 4] however its application has been 
limited to industrial processes and a few experimental installations from research groups around the world 
[3, 5-7]. 
This has been mainly because of its low COP, which is even lower than those found on single effect 
absorption machines, the current experimental installations normally don’t reach a COP higher than 0.4 
[8], besides the majority of them also lack of means to guarantee its proper functioning along the full 
range of common operating conditions for traditional vapor compression systems. 
These characteristics mean two things: a working ejector based refrigeration system would need more 
solar collection area than a single effect absorption machine for any given cooling capacity, which 
translates in higher costs and secondly once the ejector is running there are no guarantees that the changes 
in ambient temperature would not drift the ejector apart from its design point, lowering its COP and 
potentially causing the system to stop working altogether.  
 
Nomenclature 
COP Coefficient of performance Tc  Condenser temperature, °C 
m
.
s Secondary fluid mass flow rate, kg/s 
Te  Evaporator temperature, °C 
m
.
p Primary fluid mass flow rate, kg/s 
Tg  Generator temperature, °C 
 Condenser pressure, Pa u  Entrainment ratio 
PC*  Critical condenser back-pressure, Pa   
 Condenser failure pressure, Pa   
Q
.
C  Evaporator cooling capacity, kW 
  
Q
.
G  Generator heat input, kW  
  
rc  Constant section length, mm   
rp Nozzle exit radius, mm   
rt  Nozzle throat radius, mm   
    
2. Ejector based refrigeration cycle 
The ejector was invented by Sir Charles Parsons in 1901 [9] but the first person to use one on a 
refrigeration cycle was Maurice Leblanc in 1910 [10], from there its application grew for 20 years up to 
the early 1930’s, during that period, as other researchers have stated, there were even units employed to 
CP
PCO
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cool the passenger cabins of the steam locomotives [11]; however they were phased out by mechanical 
vapor compression systems with the arrival of the diesel-electric locomotive. 
On the ejector based refrigeration system the ejector replaces the mechanical compressor as the 
component that raises the refrigerant pressure to a point high enough so that it is able reject heat at the 
condenser. 
The ejector based refrigeration cycle (Fig. 1) consists of an evaporator, a condenser and an expansion 
valve, while the ejector, the refrigerant pump and the generator (which can be powered by solar or any 
other thermal energy) replace the mechanical compressor. 
 
 
Fig. 1. Ejector based refrigeration cycle 
The high-pressure refrigerant produced inside the generator is used as the motive fluid for the ejector 
to create the low pressure required inside the evaporator for the evaporation of the refrigerant to take 
place and cause the desired cooling effect. Both the high-pressure motive fluid and the low-pressure 
entrained refrigerant from the evaporator are mixed inside the ejector and then discharged at an 
intermediate condenser pressure. Inside the condenser the mix rejects part of its heat and returns to liquid 
form, after that, part of the mix is returned to the generator by the refrigerant pump where it becomes a 
high-pressure refrigerant again, while the other part returns to the evaporator by the expansion valve to 
complete the cycle.  
The operating conditions of the cycle are given in terms of the temperatures and pressures of the 
generator, the evaporator and the condenser, which are defined by the type of heat source, the kind of 
cooling application and the environmental conditions of the zone. 
There are three parameters normally used to evaluate the performance of the cycle: due to the low 
energy consumption of the refrigerant pump in comparison with the generator its effect is neglected for 
the COP calculation, defined only by the produced refrigeration effect on the evaporator and the required 
heat input at the generator (1). 
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The COP is directly proportional to the entrainment ratio (2) which is the relationship between the 
mass flow of the entrained or secondary fluid and the one of the motive or primary fluid. 
x
x
 
p
s
m
m
u   (2) 
The last parameter is the ejector critical back pressure, which is the maximum pressure allowed at the 
condenser before the entrainment ratio (Fig. 2) drops due to the ejector not being able to choke the 
secondary fluid, if the condenser pressure is further increased the ejector malfunctions due to the flow 
being reversed inside of it. 
 
Fig. 2. Operational modes of the ejector   
2.1. Working principle 
The required heat input of the cycle is used to generate the high-pressure refrigerant (called the motive 
or primary fluid), this fluid enters the ejector (Fig. 3) at the convergent-divergent section called the 
primary nozzle in which it expands and accelerates to a supersonic speed generating a low pressure region 
at its exit; this region entrains the secondary fluid into the mixing chamber and at the end of it both fluids 
are considered fully mixed [12]. 
Due to the high pressure that prevails at the end of the ejector throat a normal shock occurs causing the 
compression effect and a sudden deceleration (the mix transitions from supersonic to subsonic). The 
pressure further rises inside the subsonic diffuser due to additional deceleration generated by the 
divergent section of the diffuser. 
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Fig. 3. Schematic diagram of a constant pressure mixing ejector 
3. Previous works on ejector improvements 
3.1. Variable geometry ejectors 
By knowing the relationship between all the different geometrical parameters of the ejector with its 
operational modes it is easy to identify the opportunity to implement a mechanism that automatically 
changes some of those parameters to keep the ejector working inside its critical mode, making the ejector 
more robust to variations in both the generator and the condenser. 
The throat area at the primary nozzle has been the most commonly researched parameter in this matter, 
by introducing a needle valve inside the nozzle the effective throat area varies according with the axial 
position of the needle [13-15]. 
The ejector proposed by Ma et al. [13] implements such mechanism on a test stand with a cooling 
capacity of 5 kW with water as refrigerant; they successfully proved that an optimal operation can be 
maintained at some degree by varying this parameter while the generator pressure changes, wish is a very 
common situation with solar powered cooling cycles. 
Varga et al. [16] worked on a similar design validating it through CFD; their simulations predicted the 
mass flow of the motive fluid with an average relative error of 7.7% along the entire range of needle 
positions in comparison with the measures obtained on their test stand, proving that CFD is an effective 
tool to validate variable geometry designs. Later, on 2012 Varga et al. [17] made a CFD analysis of the 
same variable geometry ejector with R152a and R600a as refrigerants designed for a 1 kW cooling 
capacity, the resulting COP was found to be 177% higher than the one for the fixed geometry ejector at 
low condenser pressures. 
Some commercial ejectors used on industrial processes have a movable primary nozzle that is adjusted 
during the set-up of the process, but once it operates under the desired conditions the nozzle position gets 
fixed. Aphornratana et al. [18] introduced the concept of a manually adjustable primary nozzle in order to 
test its behavior when the nozzle moves in and out of the mixing chamber. 
Its 2 kW cooling capacity test stand with water as refrigerant showed that for a constant generator 
pressure the COP gets lower as the primary nozzle exit becomes closer to the mixing chamber, also 
lowering the effective cooling capacity of the system; however this increased the critical condenser back 
pressure. In a similar way, retracting the primary nozzle resulted on a higher COP but reduced the critical 
backpressure.  
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With only this variable parameter the authors created the performance chart of the ejector for several 
nozzle positions, concluding that it will be possible to adjust its position automatically by monitoring the 
real time parameters of the cycle to guarantee the optimal operation of the ejector. 
Taking the concept of a variable geometry ejector from Sun [19], Dennis [20] added the notion of cold 
store to raise the solar fraction achieved by an ejector based cooling system. 
Initially Sun [19] suggested that an ejector should have a variable area ratio with a variable length in 
order to work for a full range of condenser and generator temperatures. The results from the TRNSYS 
simulation of Dennis [20] showed that the variable geometry ejector achieved an 8-13% higher solar 
fraction than the fixed geometry one. 
3.2. High efficiency ejectors 
While the concept of having a variable geometry ejector attempts to solve its incapability to adapt to 
varying working conditions, its low thermal efficiency is still one of its main disadvantages. McGovern et 
al. [21] introduced the concept of a reversible entrainment ratio, which is the maximum achievable 
entrainment ratio for an ejector for a giving set of operating conditions. In this way by obtaining both the 
reversible and the actual ratios a thermodynamic ejector efficiency can be calculated. 
The way to close the gap between a real ejector and a reversible one is to identify the sources of ejector 
irreversibility; Gurulingam et al. [22] recognized 3 main sources: mixing, kinetic energy losses and 
normal shock, identifying the large momentum difference between the motive and the secondary fluid as 
one of the causes. The authors proposed a method to raise the velocity of the secondary fluid before it 
reaches the mixing chamber with motive fluid, thus reducing the momentum difference between them. 
They also used the constant momentum-gradient method (CRMC) introduced by Eames [23] to design 
a diffuser geometry that removes the thermodynamic shock process within the diffuser by gradually 
raising the momentum of the mix at a constant rate, allowing the static pressure to rise gradually. 
Watanawanavet [24] also proposed an ejector design with a prolonged primary nozzle exit that allows 
the secondary fluid to gain speed before entering in contact with the motive fluid, effectively reducing the 
momentum difference between them. 
Yadav et al. [25] studied the effects of the mixing chamber geometry on the ejector efficiency and 
concluded that the convergent section must have and angle between 5°-15° to get an optimum mixing 
process between both fluids. 
4. Proposed design 
The proposed design distinctive characteristic is its primary nozzle exit with multiple outlets; these 
outlets are designed to enhance the mixing process between the motive and the secondary fluids by 
increasing the exit perimeter of the nozzle and producing flow instability. Yang et al. [26] employed CFD 
to test several nozzle structures with different exit planes and concluded that the entrainment ratio of the 
ejector can be increased with a high level of mixing, unfortunately this causes a high mechanical energy 
loss that reduces the critical back pressure. This means that by implementing a mechanism that opens the 
extra outlets of the nozzle that produce the enhanced mixing, it would be possible to increase the 
entrainment ratio only when a high critical back pressure is not required (i.e. when the condenser pressure 
is low) and by closing them, the mechanical losses of the enhanced mixing will disappear, therefore 
increasing the critical back pressure and reducing the entrainment ratio without leaving the ejector on 
failure mode only when needed.  
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The figure 4 shows the expected flow streamlines of both a regular ejector and the proposed design 
with multiple primary nozzle outlets and enhanced mixing. The variable behavior of the nozzle can be 
implemented by means of an inner ring that block or unblocks the multiple orifices according to the 
required degree of mixing. 
  
Fig. 4. a) Schematic view of a regular ejector, b) ejector with proposed multi-outlet nozzle 
4.1. CFD modeling strategy 
The design of the baseline ejector used on the CFD analysis was modeled according to the 
considerations made by Rusly et al. [27] for R141b as refrigerant, the entire ejector can be described 
using only three parameters: primary nozzle throat radius (rt), primary nozzle exit radius (rp) and constant 
area section radius (rc). Keenan et al. [28] established the optimum distance between the primary nozzle 
exit and the constant area section inlet to be 5 times the constant area section diameter and suggested the 
same measure for the constant area section length. However Rusly [27] set the nozzle exit and constant 
area section distance to 1.5 times the constant area section diameter, so this was also used on the study for 
consistency. 
Al-Khalidy et al. [29] and Henzler [30] found the diffuser length to be 8 times the constant area section 
diameter with a divergent angle of 3.5° as the optimum. Rusly [27] established the primary nozzle inlet 
and outlet angles as 12° and 7° respectively and 10° for the mixing chamber inlet angle (this one was later 
increased to 30° with improved results). 
Rusly [27] didn’t establish a rule to define the coaxial inlet diameter for the primary and secondary 
fluids, but Yadav [25] found the optimum to be √7.6 times the primary nozzle throat diameter. 
For consistency the primary nozzle length was also set at 5 times the constant area section diameter. 
The throat and the constant area section diameter were taken from the AG ejector tested by Huang et al. 
[31]. The figure 5 resumes the design rules used on the base ejector. 
 
 
Fig. 5. Axisymmetric view of the ejector showing the employed design rules 
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The axisymmetric model was meshed with a maximum element face size of 0.25 mm, using a quad-
dominant structured mesh with a total of 35,282 elements. A second order pressure based solver with the 
realizable k-ε turbulent model was chosen in accordance with the CFD work done by Rusly [27]. The 
boundary conditions for both the primary and the secondary inlets were designated as pressure inlets, 
corresponding to the saturation pressure of the R141b at the generator and evaporator desired 
temperatures, while the outlet was set as a pressure outlet with the saturation pressure at the condenser 
temperature.  
5. Results 
The next table summarizes the results for the baseline ejector, the two datasets correspond to the 
experimental runs made by Huang [31], the relative error of the entrainment ratio given by the CFD study 
is less than 5% compared to the experimental results. The simulation at 90°C on the generator showed a 
lower error than the simulation done by Rusly [27]. 
 
Table 1. Entrainment ratio results comparison for the baseline AG ejector 
 
Tg 
(°C) 
Te 
(°C) 
Tc 
(°C) 
Huang [31] 
Experiment 
(u) 
Huang [31] 
1D Model 
(u) 
Rusly 
[27] CFD 
(u) 
CFD 
(u) 
1D 
Error 
(%) 
Rusly 
[27] CFD 
Error (%) 
CFD 
Error 
(%) 
90 8 36.7 0.3040 0.2395 0.3343 0.2907 -21.22 9.97 -4.38 
95 12 38.7 0.3503 0.3434 0.3548 0.3351 -1.97 1.28 -4.35 
 
The Mach number contours for the 95°C generator temperature simulation are shown on the next 
figure, both the primary and the secondary fluids are choked, which indicates that the ejector is operating 
in critical mode. 
 
Fig. 6. Mach number contours  
 
These simulations were performed both to verify the accuracy of the CFD study and to establish a 
baseline ejector performance for later comparison with the proposed design. The ejector with multiple 
primary nozzle outlets was only simulated using only the parameters of the 95°C generator temperature 
run, because it was the one that presented the higher entrainment ratio on the baseline ejector. This time, a 
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3D model of the ejector was used instead of the axisymmetric one and because of that the calculation time 
increased considerably.  
The next figure shows the plotted results for the Mach number and total pressure profiles for both the 
baseline and the proposed ejector: 
 
Fig. 7. Mach number and pressure profiles for the baseline and the proposed design 
 
With the proposed design the mixing process occurs closer to the nozzle exit, therefore the pressure of 
both fluids reaches the desired condenser pressure ahead of the baseline ejector.  The entrainment ratio 
increased from 0.3351 to 0.3627. 
6. Conclusion 
By continually improving the efficiency of the ejector, the solar powered ejector based refrigeration 
system will be able to compete with the current sorption systems, this work was the first step on 
investigating the feasibility of the multiple outlet design and showed that by having several orifices at the 
primary nozzle exit wall it is possible to enhance the mixing between the primary and the secondary 
fluids, thus increasing the entrainment ratio of the ejector, an improvement of 8.23% over the baseline 
ejector entrainment ratio was demonstrated with CFD. 
The design will be refined and an ejector will be built for experimental and validation purposes, the 
design exploration will continue with both CFD and experimentation and an operating mechanism to 
block and unblock the multiple orifices will be devised. 
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